Abbreviation

ACE
Apparent combustion efficiency 
Introduction
The results of the thermodynamic analysis are affected by some uncertainties due to the sub-models imperfections 26 and the inacuracy of their fitting constants determination. On the other hand, some engine parameters, such as com-
27
pression ratio may require to be determined. Several works dealing with the effect of such uncertainties and proposals
28
to determine them can be found in the literature. A brief description includes: at the same time, separating their specific effects. The proposal is based on the thermodynamic analysis in motoring conditions, thus the effect of the uncertainties in the compression and expansion strokes can be assessed using the 66 apparent RoHR and the experimental and simulated pressure comparison. The methodology is based on the mini-mization of the errors in the RoHR calculation and in the pressure simulation. Although it has been developed using 68 some specific sub-models, it is flexible enough to be used with different models and different engines.
70
The method has been developed for a multi-cylinder CI engine in motoring conditions and then the suitability
71
of it application in combustion tests is assessed. As it will be shown, the available information is limited in these 72 conditions, thus affecting the performance of the method. The schema of the proposed process is shown in Fig. 1 model SICICLO [10] . Both of them are in-house developed tools which are briefly explained in section 4.
104
The result of the process is the optimal set of engine characteristics, ready to be used in the combustion analysis 105 or cycle simulation, along with the pegged in-cylinder pressure in the motoring tests. Although these pressure signals
106
will not be used any more, it is important to highlight that the correct pressure level is required to adjust correctly the 107 rest of uncertainties. For the development and validation of the method, the experimental tests were carried out in a DI Diesel engine,
111
whose main characteristics are given in Table 1 . The schema of the test cell layout with the instrumentation for the 112 engine is shown in Fig. 2 .
114
The engine is directly coupled to an electric dynamometer that allows controlling the speed and torque. The The mean variables required were measured at a low sample frequency of 100 Hz, using an AVL tests system. It Although the methodology has been developed with CALMEC [29] and SICICLO [10] , it can be applied to other 127 diagnosis and predictive models, with the only condition that they share the sub-models and hypotheses. Detailed 128 description of these tools can be found in the stated references, being the main hypotheses the following:
129
-Chamber pressure and temperature are assumed to be spatially uniform.
130
-Ideal gas law is used to calculate gas temperature.
-A filling and emptying model is used to calculate the trapped mass [50].
132
-The specific heat of the gas depends on both temperature and composition [21] .
133
-Blow-by model is based on the evolution of the gas in an isentropic nozzle [10] .
134
-The chamber volume deformation is calculated by means of a simple deformation model [29] :
where k de f is a deformation constant to be adjusted, and ∆V p and ∆V i are the volume variations due to pressure 136 and inertia efforts respectively. heat transfer coefficient is calculated using Eq. (2):
where C and C 2 are constants whose values are 0.12 and 0.001, c m is the mean piston speed, c u is the instanta- conditions, the last term in Eq.(2) (accounting for the pressure variations due to combustion) is zero, and the 146 expression can be written as follows:
In order to adjust the heat transfer and deformation models in a specific engine, C W1 and k de f must be adjusted 148 simultaneously with CR. By solving the first law of thermodynamics, the following expression for RoHR can be obtained [18] :
where m and c v are the mass and specific heat, h f,in j and u f,g are the injected fuel enthalpy and the evaporated 153 fuel internal energy and R, dm f,ev ,dm bb are the ideal gas constant, the variation of fuel injected and blow-by leakage 154 respectively. In motoring conditions, the RoHR is zero, however Eq. (4) can provide a non-zero value (ε RoHR ) due to 155 the uncertainties. In this conditions Eq.(4) leads to the following expression:
SICICLO calculates the simulated motoring pressure by solving Eq.(5) for p, assuming that ε RoHR = 0, thus 157 obtaining:
The determination of the predictive model results uncertainty is straightforward through the differentiation of 159 experimental and simulated pressures.
Although some experimental error and signal noise can affect ε RoHR , it is assumed that the averaging of the 25 161 measured cycles and the filtering process reduce the signal noise sufficiently. It is also assumed that all the relevant 162 uncertainties have been considered, and any additional effect on ε RoHR is due to random experimental uncertainties.
164
As stated, the identification of the specific effect of each parameter is a key issue to ensure their independence, and 165 to assess the characteristic behaviour of each uncertainty. Fig. 3 shows the effect of the parameters variation presented 166 in Table 2 on ε RoHR (left) and ε p (right), where the variation range is taken from a previous study [18] .
168
The main conclusions of the sensitivity study are:
-CR: a CR increment leads to a lower combustion chamber volume. Although CR does not affect dV, it modifies
171
T through the application of the ideal gas law, thus affecting the specific heat and the heat transfer term in Eq.(5).
172
The main effect of CR on ε RoHR (Fig.3a) is due to the variation of dT in the internal energy term, that can be
, being n = − dp/p dV/V the politropic exponent. The CR affects n, producing 174 the asymmetric behaviour of ε RoHR . Its effect is higher in the proximities of TDC, where the variation of the 175 chamber volume has a higher relative effect. On the other hand, a higher CR leads to a higher simulated pressure 176 and thus a positive ε p as shown in Fig.3f .
-K de f : the k de f affects the volume calculation, and hence the temperature and the politropic exponent, however, its effect is qualitatively different from CR. Whilst the CR change produces an error in the volume that remains 179 constant during all the cycle, deformations depend on pressure and acceleration, thus their effect vary during 180 compression and expansion, being more important near TDC (see Fig. 3b and g ), where the pressure reaches 181 its maximum value. On the other hand, the higher the load, the higher the effect of the deformations, therefore 182 ε RoHR and ε p will change slightly at different operation points.
183 184 -C W1 : the higher this constant is, the higher the heat transfer becomes. In Eq.(5) it is possible to see that the heat 185 transfer uncertainty is directly transferred to ε RoHR , as can be seen in Fig. 3c . Contrary to CR and k de f , the error 186 in C W1 has almost a symmetric effect on RoHR, being more important as the pressure and temperature increase.
187
The effect on ε p shows the opposite trend than ε RoHR , because a less adiabatic evolution of the gas leads to a 188 lower simulated pressure, as shown in Fig. 3h . The symmetry in Fig. 3h is not perfect due to the fact that the 189 variation of the heat transfer during the compression stroke is not compensated in the expansion stroke. α, which results in errors in the work, T and dT , and thus in the heat transfer and the internal energy variation.
195
The combination of these effects produces the ε RoHR shown in Fig. 3d . As p real in Eq.(7) slightly affected by 
199
-p re f : it has two main effects: on the one hand it leads to temperature and specific heat variations, on the other 200 hand, the pressure variation results in uncertainties in the politropic exponent and hence in the work estimation.
201
The pegging pressure affects the whole compression and expansion strokes, being its effect on ε RoHR higher far 202 from TDC (see Fig. 3e ), because the relative effect is smaller when the cylinder pressure increases. In contrast,
203
the effect on ε p is more important near the TDC (see Fig. 3j ), because a small variation of the pressure level at
204
IVC is amplified during the compression. Starting from the characteristic effects determined in the previous section, and assuming the hypothesis of linearity
208
[18], the total error in RoHR ε
RoHR un
and simulated pressure ε p un due to the uncertainties can be expressed as:
where α is the crank angle, ε CR , ε C w1 , ε K de f and ε P re f are the effect of the uncertainties variation on RoHR and 210 pressure residuals, and c 1 to c 4 are weighting constants. The mathematical expressions for ε RoHR and ε p are similar,
211
thus Eq.8 and Eq.9 can be written as:
where ε un,i is the error in RoHR or p produced by the m uncertainties considered at the operating point i. ε un,i, j is the 213 specific error produced by the uncertainty j in the operating point i, and c j the corresponding weighting constant. Note 214 that the possibility of including additional uncertainties (in case of using other sub-models) is implicitly considered.
215
The equation system Eq. (10) the instantaneous error in the RoHR or simulated pressure (ε exp,i ) can be expressed as:
where ε res,i accounts for the effect of the terms not considered specifically with the stated uncertainties, such 221 as some experimental uncertainties or signal noise. In order to diminish the residual, a swept of engine speed was 222 considered in motoring conditions, taking into account several cycles, so that the addition of the error in RoHR or 223 simulated pressure in all tests at a defined crank angle will be:
Taking into account the differentiation between engine characteristics and pressure pegging described in section 225 2, Eq.(12) can be written as:
On the one hand, the error due to the neglected uncertainties and noise is aleatory, therefore the addition of different 227 operation points compensates it, being ε res (α) ≈ 0. On the other hand, as described in section 2, p re f is adjusted for 228 each operating point in a second phase after the engine characteristic adjustment, therefore it can be assumed that after 
If Eq. (14) is written for each crank angle, the following matrix is obtained:
The solution of this matrix results in a set of correction parameters c 1 , c 2 , ...c m−1 , that weight the effect of each 232 specific uncertainty on the RoHR or simulated pressure errors. The iterative process is carried out by applying the 233 following correction at each step:
Where P j,k is the estimation of the P j parameter (CR, K de f and C W1 ) in the k iteration, c j,k is the correction factor 236 obtained by the MLR in the k iteration, and ∆P j is the variation of each parameter in the sensitivity study as detailed 237 in Table 2 . The procedure can be performed only in one step, however it was checked that the process provides more 238 accurate results when an iterative process is used, due to the fact that the effect of each uncertainty on ε RoHR and ε p 239 can vary slightly depending on its value. It was found that after the third iteration, the variation of the parameters is 240 lower than 1%, which was assumed to be an acceptable variation.
241
Since both the effect of RoHR and simulated pressure are considered, the process is carried to find the optimal 243 values that minimize separately ε RoHR and ε p . Finally the optimal values are averaged. The operating points used for this study are shown in Table 3 . Three repetitions of each operating point were The values of the parameters adjusted are presented in the "motoring" column of As shown in Table 5 , the adjusted parameters provide a lower error in the two observed variables in almost all 277 the operating conditions. Since the method optimizes the global results, for the sake of the accuracy in most of the 278 operating conditions slightly worse results can be obtained in some specific tests. Thus, the RoHR at 1000 rpm shows 279 a higher residual than that obtained with the original values. For the sake of brevity the analysis is presented for one 280 engine, however the method showed similar trends in other Diesel engines tested. As seen in Table 5 , the performance 281 of the method is even better if the simulated pressure is considered: the difference between the simulated and experi-282 mental peak pressure diminishes from 9% to less than 1% after the adjustment.
284
In order to evidence the effect of the adjustment on the instantaneous evolution of a compression cycle, Fig.4 
285
shows ε RoHR and ε p in four motoring tests used for the adjustment. The mid frequency oscillations of ε RoHR due to the 286 signal noise remain in ε RoHR , but they are centred around zero because the low frequency deviation, due to incorrect 287 parameters, are almost completely removed. In the case of ε p the pressure error is clearly reduced. The result of the test carried out are presented in Fig.5 , where the behaviour of the errors during the compression 298 are in agreement with those described for the motoring test, having an important reduction in both ε RoHR and ε p .
299
However, despite the good performance in the reduction of the instantaneous errors, the values of CR, C W1 and k de f 300 obtained (see "late SOI 1" column in Table 4 ), are not in agreement with that obtained in motoring conditions. This method. This can be useful if the chamber geometry is modified. As shown in "late SOI 2" column in Table 4 , the 313 method performs properly and the RC value is the same than that obtained in motoring conditions. 314 315
Combustion validation and results
316
In order to validate the performance of the method, the apparent combustion efficiency (ACE), defined as the ratio 317 between the maximum cumulated heat release and the total energy of the fuel, was analysed in a set of combustion 318 tests. The ACE can be seen as a control parameter that provides an assessment of the models and measurement global 319 accuracy. In case of complete combustion, its value is always slightly different from 100%, ranging ideally 100±2%, 320 and usually 100±5%. Fig.6 shows the ACE of a complete speed and load sweep, where the nearly complete combus-tion was corroborated by the low CO an HC values. It is possible to see that after the adjustment, the ACE is clearly specific sub-models, it is flexible enough to be used with different ones.
347
The analysis is completed with the evaluation of the method when it is applied to combustion operation with late 348 SOI. It was found that the adjustment in motoring condition is a stable process but when the adjustment is carried Tables   Table 1. Tested engine characteristics. Parameter Variation CR ± 0,75
p re f ± 100 mbar 
